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The present invention relates to micro?uidic devices and 
methods for manipulating and analyzing ?uid samples. The 
disclosed micro?uidic devices utilize a plurality of micro?u 
idic channels, inlets, valves, ?lter, pumps, liquid barriers and 
other elements arranged in various con?gurations to manipu 
late the ?oW of a ?uid sample in order to prepare such sample 
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MICROFLUIDIC DEVICES FOR FLUID 
MANIPULATION AND ANALYSIS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of US. patent 
application Ser. No. 10/757,767, ?led Jan. 14, 2004, Which 
claims the bene?t of US. Provisional PatentApplication Nos. 
60/439,825, ?led Jan. 14, 2003, and 60/441,873, ?led Jan. 21, 
2003, all of Which applications are hereby incorporated by 
reference in their entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to micro?uidic 

devices and analysis methods, and, more particularly, to 
micro?uidic devices and methods for the manipulation and 
analysis of ?uid samples. 

2. Description of the Related Art 
Micro?uidic devices have become popular in recent years 

for performing analytical testing. Using tools developed by 
the semiconductor industry to miniaturiZe electronics, it has 
become possible to fabricate intricate ?uid systems Which can 
be inexpensively mass produced. Systems have been devel 
oped to perform a variety of analytical techniques for the 
acquisition and processing of information. 

The ability to perform analyses micro?uidically provides 
substantial advantages of throughput, reagent consumption, 
and automatability. Another advantage of micro?uidic sys 
tems is the ability to integrate a plurality of different opera 
tions in a single “lap-on-a-chip” device for performing pro 
cessing of reactants for analysis and/ or synthesis. 

Micro?uidic devices may be constructed in a multi-layer 
laminated structure Wherein each layer has channels and 
structures fabricated from a laminate material to form micros 
cale voids or channels Where ?uids ?oW. A microscale or 
micro?uidic channel is generally de?ned as a ?uid passage 
Which has at least one internal cross-sectional dimension that 
is less than 500 um and typically betWeen about 0.1 um and 
about 500 um. 
US. Pat. No. 5,716,852, Which patent is hereby incorpo 

rated by reference in its entirety, is an example of a microf 
luidic device. The ’852 patent teaches a micro?uidic system 
for detecting the presence of analyte particles in a sample 
stream using a laminar ?oW channel having at least tWo input 
channels Which provide an indicator stream and a sample 
stream, Where the laminar ?oW channel has a depth su?i 
ciently small to alloW laminar ?oW of the streams and length 
suf?cient to alloW diffusion of particles of the analyte into the 
indicator stream to form a detection area, and having an outlet 
out of the channel to form a single mixed stream. This device, 
Which is knoWn as a T-Sensor, alloWs the movement of dif 
ferent ?uidic layers next to each other Within a channel With 
out mixing other than by diffusion. A sample stream, such as 
Whole blood, a receptor stream, such as an indicator solution, 
and a reference stream, Which may be a knoWn analyte stan 
dard, are introduced into a common micro?uidic channel 
Within the T-Sensor, and the streams ?oW next to each other 
until they exit the channel. Smaller particles, such as ions or 
small proteins, diffuse rapidly across the ?uid boundaries, 
Whereas larger molecules diffuse more sloWly. Large par 
ticles, such as blood cells, shoW no signi?cant diffusion 
Within the time the tWo ?oW streams are in contact. 

Typically, micro?uidic systems require some type of exter 
nal ?uidic driver to function, such as pieZoelectric pumps, 
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2 
micro-syringe pumps, electroosmotic pumps, and the like. 
HoWever, in US. patent application Ser. No. 09/684,094, 
Which application is assigned to the assignee of the present 
invention and is hereby incorporated by reference in its 
entirety, micro?uidic systems are described Which are com 
pletely driven by inherently available internal forces such as 
gravity, hydrostatic pressure, capillary force, absorption by 
porous material or chemically induced pressures or vacuums. 

In addition, many different types of valves for use in con 
trolling ?uids in microscale devices have been developed. For 
example, US. Pat. No. 6,432,212 describes one-Way valves 
for use in laminated micro?uidic structures, US. Pat. No. 
6,581,899 describes ball bearing valves for use in laminated 
micro?uidic structures, and US. patent application Ser. No. 
10/114,890, Which application is assigned to the assignee of 
the present invention, describes a pneumatic valve interface, 
also knoWn as a Zero dead volume valve, for use in laminated 
micro?uidic structures. The foregoing patents and patent 
applications are hereby incorporated by reference in their 
entirety. 

Although there have been many advances in the ?eld, there 
remains a need for neW and improved micro?uidic devices for 
manipulating and analyZing ?uid samples. The present inven 
tion addresses these needs and provides further related advan 
tages. 

BRIEF SUMMARY OF THE INVENTION 

In brief, the present invention relates to micro?uidic 
devices and methods for manipulating and analyZing ?uid 
samples. The disclosed micro?uidic devices utiliZe a plurality 
of micro?uidic channels, inlets, valves, ?lters, pumps, liquid 
barriers and other elements arranged in various con?gura 
tions to manipulate the ?oW of a ?uid sample in order to 
prepare such sample for analysis. Analysis of the sample may 
then be performed by any means knoWn in the art. For 
example, as disclosed herein, micro?uidic devices of the 
present invention may be used to facilitate the reaction of a 
blood sample With one or more reagents as part of a blood 
typing assay. 

In one embodiment, a micro?uidic device for analyZing a 
liquid sample is provided that comprises (a) a micro?uidic 
channel having a ?rst end and a second end, (b) a sample inlet 
?uidly connected to the ?rst end of the micro?uidic channel 
for receiving the liquid sample, (c) a ?lter interposed betWeen 
the sample inlet and the ?rst end of the micro?uidic channel, 
Wherein the ?lter removes selected particles from the liquid 
sample, (d) a belloWs pump ?uidly connected to the second 
end of the micro?uidic channel, and (e) a liquid barrier inter 
posed betWeen the belloWs pump and the second end of the 
micro?uidic channel, Wherein the liquid barrier is gas perme 
able and liquid impermeable. 

In further embodiments, the belloWs may comprise a vent 
hole, the ?lter may comprise a membrane, or the micro?uidic 
device may further comprise (a) a ?rst check valve interposed 
betWeen the belloWs pump and the liquid barrier, Wherein the 
?rst check valve permits ?uid ?oW toWards the belloWs pump, 
and (b) a second check valve ?uidly connected to the belloWs 
pump, Wherein the second check valve permits ?uid ?oW 
aWay from the belloWs pump. 

In another embodiment, a micro?uidic device for analyZ 
ing a liquid sample is provided that comprises (a) a ?rst 
micro?uidic channel having a ?rst end and a second end, (b) 
a sample inlet ?uidly connected to the ?rst end of the ?rst 
micro?uidic channel for receiving the liquid sample, (c) an 
active valve interposed betWeen the sample inlet and the ?rst 
end of the ?rst micro?uidic channel, (d) a means for actuating 
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the active valve, (e) a ?rst bellows pump ?uidly connected to 
the second end of the ?rst micro?uidic channel, (f) a liquid 
barrier interposed betWeen the ?rst belloWs pump and the 
second end of the ?rst micro?uidic channel, Wherein the 
liquid barrier is gas permeable and liquid impermeable, (g) a 
second micro?uidic channel having a ?rst end and a second 
end, Wherein the ?rst end is ?uidly connected to the ?rst 
micro?uidic channel at a location adjacent to the active valve, 
(h) a passive valve interposed betWeen the ?rst end of the 
second micro?uidic channel and the ?rst micro?uidic chan 
nel, Wherein the passive valve is open When the ?uid pres sure 
in the ?rst micro?uidic channel is greater than the ?uid pres 
sure in the second micro?uidic channel, and (i) a sample 
reservoir ?uidly connected to the second end of the second 
micro?uidic channel. 

In further embodiments, the ?rst belloWs pump may com 
prise a vent hole, the means for actuating the active valve may 
comprise a second belloWs pump and/ or the sample reservoir 
may comprise a vent hole. 

In another embodiment, a micro?uidic device for analyZ 
ing a liquid sample is provided that comprises (a) ?rst and 
second micro?uidic channels, each having a ?rst end and a 
second end, (b) a sample inlet ?uidly connected to the ?rst 
end of the ?rst micro?uidic channel for receiving the liquid 
sample, (c) a ?rst belloWs pump ?uidly connected to, and 
interposed betWeen, the second end of the ?rst micro?uidic 
channel and the ?rst end of the second micro?uidic channel, 
(d) a second belloWs pump ?uidly connected to the second 
end of the second micro?uidic channel, Wherein the second 
belloWs pump has a ?uid outlet, (e) a ?rst check valve inter 
posed betWeen the sample inlet and the ?rst end of the ?rst 
micro?uidic channel, Wherein the ?rst check valve permits 
?uid ?oW toWards the ?rst micro?uidic channel, (f) a second 
check valve interposed betWeen the second end of the ?rst 
micro?uidic channel and the ?rst belloWs pump, Wherein the 
second check valve permits ?uid ?oW toWards the ?rst bel 
loWs pump, (g) a third check valve interposed betWeen the 
?rst belloWs pump and the ?rst end of the second micro?uidic 
channel, Wherein the third check valve permits ?uid ?oW 
toWards the second micro?uidic channel, and (h) a fourth 
check valve interposed betWeen the second end of the second 
micro?uidic channel and the second belloWs pump, Wherein 
the fourth check valve permits ?uid ?oW toWards the second 
belloWs pump. 

In another embodiment, a micro?uidic device for analyZ 
ing a liquid sample is provided that comprises (a) a ?rst 
micro?uidic channel having a ?rst end and a second end, (b) 
a sample inlet ?uidly connected to the ?rst end of the ?rst 
micro?uidic channel for receiving the liquid sample, (c) a ?rst 
reagent inlet ?uidly connected to the ?rst end of the ?rst 
micro?uidic channel for receiving a ?rst reagent, (d) a bel 
loWs pump ?uidly connected to the second end of the ?rst 
micro?uidic channel, and (e) a ?rst liquid barrier interposed 
betWeen the belloWs pump and the second end of the ?rst 
micro?uidic channel, Wherein the liquid barrier is gas perme 
able and liquid impermeable. 

In further embodiments, the belloWs pump may comprise a 
vent hole or the micro?uidic device may further comprise a 
check valve ?uidly connected to the belloWs pump, Wherein 
the check valve permits ?uid ?oW aWay from the belloWs 
pump. 

In another further embodiment, the micro?uidic device 
further comprises (a) a second micro?uidic channel having a 
?rst end, ?uidly connected to the sample inlet, and a second 
end, ?uidly connected to the belloWs pump, (b) a second 
reagent inlet ?uidly connected to the ?rst end of the second 
micro?uidic channel for receiving a second reagent, and (c) a 
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4 
second liquid barrier interposed betWeen the belloWs pump 
and the second end of the second micro?uidic channel, 
Wherein the second liquid barrier is gas permeable and liquid 
impermeable. 

In yet another further embodiment, the micro?uidic device 
further comprises (a) a third micro?uidic channel having a 
?rst end, ?uidly connected to the sample inlet, and a second 
end, ?uidly connected to the belloWs pump, (b) a third reagent 
inlet ?uidly connected to the ?rst end of the third micro?uidic 
channel for receiving a third reagent, and (c) a third liquid 
barrier interposed betWeen the belloWs pump and the second 
end of the third micro?uidic channel, Wherein the third liquid 
barrier is gas permeable and liquid impermeable. 

In one alternate embodiment of the foregoing, the ?rst 
reagent inlet comprises a ?rst blister pouch containing the 
?rst reagent, the second reagent inlet comprises a second 
blister pouch containing the second reagent, and the third 
reagent inlet comprises a third blister pouch containing the 
third reagent. 

In another embodiment, a micro?uidic device for analyZ 
ing a liquid sample is provided that comprises (a) a ?rst 
micro?uidic channel having a ?rst end and a second end, (b) 
a sample inlet ?uidly connected to the ?rst end of the ?rst 
micro?uidic channel for receiving the liquid sample, (c) a ?rst 
dried reagent Zone, comprising a ?rst reagent printed thereon, 
?uidly connected to the ?rst end of the ?rst micro?uidic 
channel, (d) a belloWs pump ?uidly connected to the second 
end of the ?rst micro?uidic channel, and (e) a ?rst liquid 
barrier interposed betWeen the belloWs pump and the second 
end of the ?rst micro?uidic channel, Wherein the liquid bar 
rier is gas permeable and liquid impermeable. 

In further embodiments, the belloWs pump may comprise a 
vent hole or the micro?uidic device may further comprise a 
check valve ?uidly connected to the belloWs pump, Wherein 
the check valve permits ?uid ?oW aWay from the belloWs 
pump. 

In another further embodiment, the micro?uidic device 
further comprises (a) a second micro?uidic channel having a 
?rst end, ?uidly connected to the sample inlet, and a second 
end, ?uidly connected to the belloWs pump, (b) a second dried 
reagent Zone, comprising a second reagent printed thereon, 
?uidly connected to the ?rst end of the second micro?uidic 
channel, and (c) a second liquid barrier interposed betWeen 
the belloWs pump and the second end of the second microf 
luidic channel, Wherein the second liquid barrier is gas per 
meable and liquid impermeable. 

In yet another further embodiment, the micro?uidic device 
further comprises (a) a third micro?uidic channel having a 
?rst end, ?uidly connected to the sample inlet, and a second 
end, ?uidly connected to the belloWs pump, (b) a third dried 
reagent Zone, comprising a third reagent printed thereon, 
?uidly connected to the ?rst end of the third micro?uidic 
channel, and (c) a third liquid barrier interposed betWeen the 
belloWs pump and the second end of the third micro?uidic 
channel, Wherein the third liquid barrier is gas permeable and 
liquid impermeable. 

In a more speci?c embodiment, the liquid sample com 
prises a blood sample, the ?rst reagent comprises antibody-A, 
the second reagent comprises antibody-B, and the third 
reagent comprises antibody-D. 

In yet a further embodiment, the micro?uidic device fur 
ther comprises a hydrating buffer inlet, ?uidly connected to 
the ?rst, second and third dried reagent Zones and to the ?rst 
ends of the ?rst, second and third micro?uidic channels, for 
receiving a hydrating buffer. In an alternate embodiment, the 
hydrating buffer inlet comprises a hydrating buffer blister 
pouch containing the hydrating buffer. 
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These and other aspects of the invention Will be apparent 
upon reference to the attached ?gures and following detailed 
description. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

FIGS. 1A-1C are a series of cross-sectional vieWs illustrat 
ing the operation of a ?rst embodiment of a micro?uidic 
device in accordance With aspects of the present invention. 

FIGS. 2A-2C are a series of cross-sectional vieWs illustrat 
ing the operation of a second embodiment of a micro?uidic 
device in accordance With aspects of the present invention. 

FIGS. 3A-3F are a series of cross-sectional vieWs illustrat 
ing the operation of a third embodiment of a micro?uidic 
device in accordance With aspects of the present invention. 

FIGS. 4A-4E are a series of cross-sectional vieWs illustrat 
ing the operation of a fourth embodiment of a micro?uidic 
device in accordance With aspects of the present invention. 

FIGS. 5A-5C are a series of cross-sectional vieWs illustrat 
ing the operation of a ?fth embodiment of a micro?uidic 
device in accordance With aspects of the present invention. 

FIGS. 6A-6F are schematic illustrations of blood typing 
cards in accordance With aspects of the present invention. 

FIGS. 7A-7C are a series of cross-sectional vieWs illustrat 
ing the operation of a sixth embodiment of a micro?uidic 
device in accordance With aspects of the present invention. 

FIGS. 8A-8C are a series of cross-sectional vieWs illustrat 
ing the operation of a seventh embodiment of a micro?uidic 
device in accordance With aspects of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

As noted previously, the present invention relates to 
micro?uidic devices and methods utiliZing a plurality of 
micro?uidic channels, inlets, valves, membranes, pumps, liq 
uid barriers and other elements arranged in various con?gu 
rations to manipulate the ?oW of a ?uid sample in order to 
prepare such sample for analysis and to analyZe the ?uid 
sample. In the folloWing description, certain speci?c embodi 
ments of the present devices and methods are set forth, hoW 
ever, persons skilled in the art Will understand that the various 
embodiments and elements described beloW may be com 
bined or modi?ed Without deviating from the spirit and scope 
of the invention. 

FIGS. 1A-1C are a series of cross-sectional vieWs of the 
device 110 illustrating the operation of a ?rst embodiment of 
the invention. As shoWn in FIG. 1A, micro?uidic device 110 
comprises a micro?uidic channel 120 having a ?rst end 122 
and a second end 124. As illustrated, device 110 is in the form 
of a cartridge, hoWever, the form of device 110 is not essential 
to the present invention, and persons of ordinary skill in the 
art can readily select a suitable form for a given application. 
The micro?uidic devices of the present invention, such as 
device 110, may be constructed from a material, such as 
transparent plastic, mylar or latex, using a method such as 
injection molding or lamination. 
As further shoWn in FIG. 1A, device 110 comprises a 

sample inlet 130 ?uidly connected to ?rst end 122 of microf 
luidic channel 120 for receiving a liquid sample and a ?lter 
140 interposed betWeen sample inlet 130 and ?rst end 122 of 
micro?uidic channel 120. Filter 140 is capable of removing 
selected particles, such as White blood cells, red blood cells, 
polymeric beads, such as polystyrene or latex With siZes from 
1-100 microns, and bacteria cells, such as E. coli, from the 
liquid sample, and may comprise a membrane (as illustrated). 
A belloWs pump 150 having a vent hole 152 is ?uidly con 
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6 
nected to second end 124 of micro?uidic channel 120 and a 
liquid barrier 160 is interposed betWeen belloWs pump 150 
and second end 124 of micro?uidic channel 120. Liquid 
barrier 160 is a gas permeable and ?uid impermeable mem 
brane. 

During operation, a liquid sample in placed into sample 
inlet 130 (as shoWn in FIG. 1B), belloWs pump 150 is 
depressed, either manually by a user or mechanically by an 
external device, vent hole 152 is substantially sealed, such as 
by covering vent hole 152, and belloWs pump 150 is then 
released. During depression of belloWs pump 150, vent hole 
152 remains uncovered so that ?uid in belloWs pump 150 may 
be expelled through vent hold 152. Upon release of belloWs 
pump 150, a negative ?uid pressure is created in micro?uidic 
channel 120 and the liquid sample is draWn through ?lter 140 
into, and through, micro?uidic channel 120 to the liquid 
barrier 160 (as shoWn in FIG. 1C). 
As further shoWn in FIG. 1A, micro?uidic channel 120 

may comprise one or more optical vieWing area(s) 170. Opti 
cal vieWing area(s) 170 enable visual veri?cation by a user 
that the liquid sample is ?oWing through micro?uidic channel 
120. 

FIGS. 2A-2C are a series of cross-sectional vieWs of the 
device 210 illustrating the operation of a second embodiment 
of the invention. Micro?uidic device 210 illustrated in FIG. 
2A is similar to device 110 of FIG. 1A and comprises a 
micro?uidic channel 220 having a ?rst end 222 and a second 
end 224, a sample inlet 230 ?uidly connected to ?rst end 222 
of micro?uidic channel 220 for receiving a liquid sample, a 
?lter 240 interposed betWeen sample inlet 230 and ?rst end 
222 of micro?uidic channel 220, a belloWs pump 250 ?uidly 
connected to second end 224 of micro?uidic channel 220 and 
a liquid barrier 260 interposed betWeen belloWs pump 250 
and second end 224 of micro?uidic channel 220. 

Rather than providing a vent hole in belloWs pump 250 as 
in FIG. 1A, device 210 utiliZes ?rst and a second check 
valves, 254 and 256, respectively, to prevent the ?uid in 
belloWs pump 250 from being expelled into micro?uidic 
channel 220 during depression of belloWs pump 250. Check 
valves, also knoWn as one-Way valves, permit ?uid ?oW in 
one direction only. Exemplary check valves for use in microf 
luidic structures are described in US. Pat. No. 6,431,212, 
Which is hereby incorporated by reference in its entirety. First 
check valve 254 is interposed betWeen belloWs pump 250 and 
liquid barrier 224 and permits ?uid ?oW toWards belloWs 
pump 250. Second check valve 256 is ?uidly connected to 
belloWs pump 250 and permits ?uid ?oW aWay from the 
belloWs pump (for example, by venting to the atmosphere). 

During operation, a liquid sample is placed into sample 
inlet 230 (as shoWn in FIG. 2B), belloWs pump 250 is 
depressed, either manually by a user or mechanically by an 
external device, and, then, belloWs pump 250 is released. 
During depression of belloWs pump 250, ?rst check valve 254 
remains closed and prevents ?uid ?oW from belloWs chamber 
250 into micro?uidic channel 220; second check valve 256 
opens and expels the ?uid displaced from belloWs pump 250. 
Upon release of belloWs pump 250, a negative ?uid pressure 
is created, ?rst check valve 254 opens and permits ?uid ?oW 
from micro?uidic channel 220 into belloWs pump 250, sec 
ond check valve 256 closes and prevents ?uid ?oW into bel 
loWs pump 250 from, for example, the atmosphere, and the 
liquid sample is draWn through ?lter 240 into, and through, 
micro?uidic channel 220 to liquid barrier 260 (as shoWn in 
FIG. 2C). 

In addition, similar to FIG. 1A, micro?uidic channel 220 
may optionally comprise one or more optical vieWing area(s) 










